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Abstract 
The traditional payload attaching fitting (PAF) does not provide any vibration isolation, because of its large stiffness. 
Whole-spacecraft vibration isolation is a direct and effective approach to assure the successful launching and orbit insertion of a 
spacecraft. In view of the problems of stiffness and vibration isolation design, for which the designers care most, the study of 
whole-spacecraft vibration isolator (WSVI) consists of two parts. In the first part, the stiffness feature of the WSVI is studied 
with reliability analysis and experimental data. In the second part, the problems induced by stiffness feature are discussed. The 
simulated and experimental data show that the transmissibility, which is coupled with stiffness, can be reduced by attaching the 
vibration isolator between the spacecraft and the launch vehicle. 
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1. Introduction1 
The vibration environment of a spacecraft is very 
complicated and severe during launch[1]. Various con-
sequences are induced, such as fatigue damage, dis-
abler, and so on[2]. There are two ways to enhance the 
mission completion success rate of the spacecraft. One 
way is to make the structure of the spacecraft strong 
enough to endure the severe vibration loads. However, 
the redundant weight and volume require additional 
costs of launch and orbital transfer. The other way is to 
use the whole-spacecraft vibration isolator (WSVI)[3]. 
The implementation of WSVI, which is studied by 
many researchers[4-6], does not need great change of 
the spacecraft or the launch vehicle. 
The stiffness of the traditional payload attaching fit-
ting (PAF), which connects the spacecraft to the launch 
vehicle, is very large. The PAF does not provide any 
vibration isolation and nearly all the vibration loads 
are transmitted from the launch vehicle to the space-
craft. The WSVI is a direct and effective approach to 
reduce the magnitude of the large launch loads. Ste- 
wart platform[7-8] is widely used as WSVI. Other forms 
of vibration isolators, including octo-strut vibration 
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isolation platform[9], multiaxis whole-spacecraft vibra-
tion isolation[10-11], and others[12], have also been ap-
plied or will be applied to this field. However, all these 
vibration isolators need that the structures of existing 
PAF should be replaced or changed and the interfaces 
between the spacecraft and the launch vehicle should 
be modified as well. Such vibration isolators are over-
weight for launch. Too much overweight of vibration 
isolators or changes of existing PAF are not preferred. 
Besides, the problems of natural frequency control 
(NFC) and coupling problems which are caused by the 
stiffness should also be treated. 
For the purpose of vibration isolation, the WSVI is 
studied[13] on the premise that there is no change or 
modification of the interface between the spacecraft 
and the launch vehicle. This form of vibration isolator 
does not have excessive weight and its stiffness can be 
controlled. In this article, the natural frequency (NF) 
feature and vibration isolation effect (VIE) of the cou-
pled spacecraft and the WSVI system, for which the 
designers care most, are focused. Due to the uncertain 
ties of the isolator parameters, the reliability of NFC, 
VIE, and coupling problem are analyzed based on the 
reliability theory. The effect of controlled stiffness is 
verified through experiment. 
2. Structure of WSVI 
Stiffness design is a challenging problem. Large lon-
gitudinal stiffness, which can weaken the effect of vi-
bration isolation, is not expected. When the NF of 
1000-9361© 2009 Elsevier Ltd. Open access under CC BY-NC-ND license.
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spacecraft approaches to one of the excitation frequen-
cies, the traditional solution is to modify the parame-
ters of the spacecraft. But the best way is to transform 
the spacecraft NFC to the stiffness controlling of PAF. 
In addition, VIE is also the most significant issue. 
The spacecraft structure design should satisfy the de-
mand of transmissibility. The transmissibility at the 
specific NFs should satisfy the strict requirement. One 
approach to lower the stiffness and improve the VIE is 
to add a WSVI between the spacecraft and the launch 
vehicle. This device does not occupy much room and 
does not have much weight. The concept of serial 
springs is used to study this issue. 
In this article, the vibration isolator is placed be-
tween the PAF and the launch vehicle. Due to the 
small stiffness of the isolator, the longitudinal NF of 
the spacecraft and WSVI-coupled system are quite 
smallˈand the VIE is then improved. The structure of 
the vibration isolator is shown in Fig.1. The PAF is 
attached to the top plate of the WSVI while the bottom 
plate is connected to the launch vehicle. 
 
Fig.1  Vibration isolator experimental device. 
The stiffness is controlled by the ribsˈwhich are 
shown in Fig.2. The function of the ribs is to provide 
both damping and stiffness. The damping is deter-
mined by the shear of the viscoelastic materials be-
tween the ribs. The ribs are all arranged in the vertical 
direction. The reason of this arrangement is explained 
below. 
 
Fig.2  Ribs of vibration isolator. 
Generally, the spacecraft has two vibrational modes, 
i.e. lateral and longitudinal modes. With lateral vibra-
tion, the top plate bends. The ribs are providing the 
damping, which is discussed in Ref.[12]. These ribs 
are vibrating in vertical direction. The viscoelastic 
materials between the ribs are sheared. In other words, 
the deformed ribs are providing the damping. The way 
for providing damping of longitudinal vibration is the 
same as that of the lateral vibration. Because the ribs 
are placed at where the plate deforms most, the vis-
coelastic material can provide the maximum damping. 
In addition, the ribs are also providing stiffness. 
Actually, the stiffness is determined by the top plate. 
The ribs are connected to the top plate. The inertia 
moment of top plate is increased after adding the ribs. 
The bending stiffness is increased accordingly. So, the 
NF of the whole structure can be controlled by modi-
fying the number of ribs. 
When the payloads are changed, the number of ribs 
should be modified accordingly to satisfy the different 
demand. The stiffness of WSVI can be changed by 
modifying the number or the connecting form of the 
ribs. Because the NF of the coupled system must sat-
isfy the launch demand, the NF should be far away 
from any of the excitation frequencies to avoid the 
resonance. Besides, the damping can lower the trans-
missibility at the resonance frequency. 
3. Dynamic Model and Reliability 
In this section, the reliability problem of the space-
craft-WSVI-coupled system is discussed. The dynamic 
equation of the coupled system is  
Mx+Cx+ Kx = F               (1) 
where M, C, and K are the mass, damping, and stiff-
ness matrices of the system respectively, and F is the 
vector of the excitation force. To explain the relation-
ship between the NF and the stiffness, the expression 
of NF should be presented. The eigenvalue problem of 
the system is  
2( )Z 0K M =M               (2) 
Solving Eq.(2), the eigenvalueZ2 and eigenvector M 
are obtained. In addition, for computing the sensitivity, 
the partial derivative of the eigenvalue should be 
computed. According to Eq.(2), the eigenvalue sensi-
tivity cannot be computed directly. Considering the 
following expression 
2[( ) ]
p
Zw 
w 0
K M =M             (3) 
where p is a parameter of stiffness or mass, and by 
expanding it, we get 
 2 2 2p p p pZ Z Z7 7§ ·w w w w   ¨ ¸w w w w© ¹ 0
K MM K M =MM M M
       (4) 
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Substituting Eq.(2) into Eq.(4), we get the following 
expressions 
2
ȉ ȉ 2
p p p
Z Z§ ·w w w ¨ ¸w w w© ¹
K MMM M M M       (5) 
 2 1ȉ 2 ȉp p pZ Z § ·w w w ¨ ¸w w w© ¹K M MM M M M     (6) 
On the basis of Eq.(6), the sensitivity of NF can be 
computed. Furthermore, the parameter values of the 
system possess a wide range. The reliability and the 
reliability sensitivity, which are computed with the 
perturbation method[14], are used to find the effect of 
NFC. 
Besides, the VIE is a key point of WSVI design. 
Taking the Laplace transform of Eq.(1), it follows 
2( ) ( ) ( )s s s sM +C + K X = F          (7) 
The response vector is given as 
( ) ( ) ( )s s sX = H F               (8) 
where 1 2 1( ) ( ( )) ( )s s s s   H Z M +C + K  is the tran- 
sfer function matrix (TFM), and Z(s) the mechanical 
admittance matrix (MAM). 
The ith response is  
1
( ) ( )
n
i ij j
j
x s s
 
 ¦H F             (9) 
Generally, to find the sensitivity feature of the re-
sponse with parameter p is a direct approach to discuss 
the coupled dynamic problem. So it is needed to take 
the partial derivative of the response as follows 
1
( ) ( )
n
ij j
ji
s s
x
p p
 
§ ·w ¨ ¸¨ ¸w © ¹ w w
¦H F
         (10) 
1
1
( ) ( )
[ ( )] ( ) ( ) ( )
n
ij j
j
n
ij j ij j
j
s s
p
s s s s
p
 
 
§ ·w ¨ ¸¨ ¸© ¹  w
ª ºw  w¬ ¼
w
¦
¦
H F
H F H F
      (11) 
The partial derivative of the excitation vector can be 
computed easily. The TFM is the inverse matrix of 
MAM, but the partial derivative of TFM cannot be 
computed directly. Taking the partial derivative of 
TFM as  
( ) ( )( ) ( )s ss s
p p
w w w w
H ǽH H        (12) 
And substituting Eq.(12) into Eq.(11), the partial 
derivative of TFM can be obtained. 
For proving that the NF of the coupled system can 
avoid the resonance frequency, the variation range of 
the NF is given as 
2 2 2
L U(0, ) ( , )Z Z Z f*           (13) 
where Z2 is the NF of the system, and the interval be-
tween 2LZ  and 2UZ  contains the resonance frequency. 
The permissible error of the NF is described as the 
variance of 2LZ  and 2UZ . However, the state function is 
an inequality and Eq.(13) cannot satisfy the require-
ment. After modifying, the Eq.(13) can be expressed as 
2 2 2 2 2 2
2 2L U L U L U
L2 2 2
Z Z Z Z Z ZZ Z         (14) 
2 2 2 2 2 2
2 2L U L U U L
U2 2 2
Z Z Z Z Z ZZ Z         (15) 
Define the state function g(X) as 
( ) 0g dX   (Failure state)         (16) 
( ) 0g !X   (Safe state)           (17) 
where X is the original random variable vectors, and 
g(X) can be given as 
2 2 2 2
2 L U U L( )
2 2
g
Z Z Z ZZ    X      (18) 
However, the derivative of absolute value cannot be 
computed easily. The state equation can be changed to 
square form as shown below. 
2 22 2 2 2
2 L U U L( )
2 2
g
Z Z Z ZZ§ · § ·   ¨ ¸ ¨ ¸¨ ¸ ¨ ¸© ¹ © ¹
X     (19) 
In addition, the response should be lower than a 
certain value to prove the VIE of WSVI. The state 
function g(X) is defined as 
( )g r x X               (20) 
where r is the failure response peak of the system at 
the resonance frequency.  
On the basis of the method presented in Refs.[14- 
15], the first four moments of the state function g(X) 
are E[g(X)], C2[g(X)], C3[g(X)], and C4[g(X)]. In these 
expressions, C2(x), C3(x), and C4(x) are the variance, 
the third, and the fourth central moments of parameter 
x, respectively. The expression of these moments can 
be written as 
> @ [ ]T( )( ) ( )
j
j j
gC g Cw§ · ¨ ¸w© ¹
XX X
X
  j = 2, 3, 4  (21) 
where P[ j] is Kronecker product.  
The reliability index is defined as 
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2
[ ( )]
[ ( )]
E g
C g
E  X
X
              (22) 
The reliability of the state function g(X) can be re- 
presented as follows 
 ( ) ( ) 0 1 ( )R P g FE E !   X      (23) 
The expression of function F(x) can be described as 
(3)1
2
(4) (6)2 1
( ) ( ) ( )
3!
3 10
( ) ( )
4! 6!
F x x x
x x
E
E E
 )  ) 
 )  )        (24) 
where parametersE1 and E2 are the coefficient of 
skewness and the coefficient of kurtosis respectively, 
and ( )x) is the standard normal distribution function. 
The superscript (i) denotes the ith derivative of ( )x) . 
It is desired to obtain the sensitivity from the reli-
ability analysis. The reliability sensitivity with respect 
to the mean values of the parameters is represented as 
follows 
D ( ) ( ) [ ( )]
D [ ( )]
R R E g
E g
E E E
E
w w w w w w
X
X X X
   (25) 
The stiffness problem is always coupling with the 
VIE. To take the NF, response, and other coupling 
problems into consideration, combining them together 
as a series parallel system as shown in Fig.3 is an ef-
fective method to solve the coupling problem. The 
system reliability is decided by the reliability of every 
element and their logical relationship. By the reliability 
sensitivity analysis, the parameter which has more 
effect on the system reliability and the extent of effect 
can be identified. 
 
Fig.3  Building blocks of logic. 
The system reliability can be given as 
 
1 1
1 1
t n
ij
i j
R R
  
ª º  « »« »¬ ¼           (26) 
The system reliability sensitivity is 
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1
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­ ½ª º ° °« »ª º° °« »¬ ¼« » ® ¾« »° °¬ ¼  ° °¯ ¿
 
¦ ¦  X X
 (27) 
On the basis of Eqs.(26)-(27), the reliability and 
sensitivity of system can be computed. The sensitivity 
can show the effect of the parameter on the reliability. 
4. Numerical Example and Simulation 
To obtain the feature of the coupled dynamic model, 
the numerical example is given first. 
The coupled dynamic system, which consists of the 
spacecraft and the WSVI as the upper subsystem and 
the launch vehicle as the lower subsystem, is simpli-
fied to be a model with two degree-of-freedoms as 
shown in Fig.4. In the figure, m1, k1, and c1 are the 
mass, stiffness, and damping of the launch vehicle; m2, 
k2, and c2 are the mass, stiffness, and damping of the 
spacecraft and the WSVI; x1(t) and x2(t) are the dis-
placements of the launch vehicle and spacecraft; and  
f (t) is the excitation. Taking the state functions as fol-
lows, the system is constituted in accordance with 
Fig.3. 
2 22 2 2 2
2 L U U L
11 1( ) 2 2
g
Z Z Z ZZ§ · § ·   ¨ ¸ ¨ ¸¨ ¸ ¨ ¸© ¹ © ¹
X    (28) 
2 22 2 2 2
2 L U U L
12 2( ) 2 2
g
Z Z Z ZZ§ · § ·   ¨ ¸ ¨ ¸¨ ¸ ¨ ¸© ¹ © ¹
X    (29) 
21 1 1 1( ) ( )g r Z Z  H F          (30) 
22 2 2 2( ) ( )g r Z Z  H F          (31) 
 
Fig.4  Coupled dynamical model. 
First, the stiffness should satisfy the NF requirement. 
Second, the response should be lower than a certain 
value to assure the spacecraft survive the dynamic en-
vironment during its journey to orbit. 
For obtaining the feature of the coupled dynamic 
system and the relationship between the parameters, 
the system is constituted. The reliability of state func-
tion is computed based on Eq.(23). The system reli-
ability is computed based on Eq.(26). Generally, the 
parameters of the coupled dynamic system have arbi-
trary distributions. The first four moments of parame-
ters are given in Table 1. 
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Table 1 The first four moments of parameters 
x E (x) C2(x) C3(x) C4(x) 
m1 2×104 500 6.172 2×105 1.878 1×1011
m2 3×103 30 –76.256 2.419 1×106
c1 10 2 4.187 8×10–3 48.14 
c2 100 5 0.131 98 1 882.1 
k1 6.318×105 4.168×104 –5.896 1×1011 9.020 4×1018
k2 2.154×105 1.697×104 –6.401 5×109 2.494 9×1017
ZL/2S 18 3 –0.026 631 243.8 
ZU/2S 55 3 0.014 574 243.62 
r1 2 0.6 8.342 2×10–4 0.388 13 
r2 2 0.6 8.342 2×10–4 0.388 13 
According to Eq.(23), the values of reliability are 
obtained. 
R11 = 0.999 94, R12 = 0.999 87 
R21 = 0.999 64, R22 = 0.999 59 
R = 0.999 64 
One way to show the influences of the parameters to 
the reliability is to compute the reliability sensitivity 
with respect to these parameters. According to the re-
sults of reliability sensitivity shown in Table 2, the 
reliability derivatives of the random parameters vector 
X can be obtained. 
1 2 1 2 1 2
T
1 2 L U
D
D
R R R R R R R
m m k k c c
R R R R R
rZ Z Z Z
ª w w w w w w «w w w w w w¬
ºw w w w w »w w w w w ¼
X
     (32) 
Table 2 Reliability sensitivity 
Parameters sensitivity DR11/DX DR12/DX DR21/DX DR22/DX DR/DX 
1/R mw w  9.240 9×10–10 1.240 3×10–9 –6.158 7×10–9 2.535 5×10–11 –2.321 4×10–12 
2/R mw w  2.233 5×10–9 2.280 8×10–8 –4.138 2×10–9 2.632 3×10–11 –2.835 1×10–14 
1/R cw w    4.413 8×10–7 1.443 5×10–10 1.810 2×10–10 
2/R cw w    1.357 9×10–7 4.036 7×10–9 5.712 7×10–11 
1/R kw w  –3.607 4×10–11 –1.400 8×10–11 2.404 2×10–10 –2.863 5×10–13 9.293 9×10–14 
2/R kw w  –1.109 8×10–11 –3.917 4×10–10 –7.571 7×10–11 –1.880 9×10–12 –5.666 8×10–14 
L/R Zw w  1.262 2×10–3 1.352 5×10–3   2.452 4×10–7 
U/R Zw w  4.123 4×10–4 4.399 0×10–4   7.999 8×10–8 
1/R Zw w    –5.002 4×10–5  –2.051 0×10–8 
2/R Zw w     1.676 2×10–7 6.034 3×10–11 
1/R rw w    2.387 8×10–3  9.790 0×10–7 
2/R rw w     2.494 9×10–3 8.981 6×10–7 
 
When the value of reliability sensitivity is positive, 
the reliability is creased. Otherwise, the reliability is 
reduced. As the key problems, which the designers 
care about most, the NF, response, and coupling prob-
lems are discussed below. 
For the NF, according to the results computed above, 
the effect of the mass on the reliability sensitivity is 
positive and that for the stiffness is negative. Because 
both to lower stiffness and to raise the mass are able to 
lower the NF, so that to lower NF is beneficial to reli-
ability. The resonance of the spacecraft and the launch 
vehicle is a very important issue. However, the reso-
nance can be avoided by properly designing the pa-
rameters. In Table 2, the absolute value of constrained 
condition is greater than others, it means that the con-
strained condition is sensitive to the reliability. 
 For the response, the sensitivity of R21 and R22 with 
respect to mass and stiffness are complex, but both 
parameters are not key parameters. The resonant fre-
quency and failure index are the key parameters, 
which can influence the reliability considerably, be-
cause their absolute values are great. The sensitivity of 
damping is positive, and the absolute value of which is 
greater than those of stiffness and mass. It means that 
the damping can reduce the response and it is the deci-
sive factor. 
The coupling feature can be shown obviously in Ta-
ble 2. The stiffness can influence not only the NF but 
also the response. In a word, the design should focus 
not on a single point but multiple aspects. The design 
indexes can be determined by the reliability. If the pa-
rameters cannot satisfy the requirements, the sensiti- 
vity can show how to modify the parameters. Fur-
thermore, for proving the VIE of WSVI, the simulation 
of spacecraft and WSVI-coupled system is carried out. 
Figs.5-6 show the transmissibility of WSVI topped 
with flexible satellite. Because of the flexibility of the 
satellite, there are more peaks in the transmissibility 
 
Fig.5  Lateral transmissibility. 
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Fig.6  Longitudinal transmissibility. 
curve than that with the rigid satellite body. It is shown 
that the VIE of WSVI is great. 
5. Experiment of Vibration Isolators 
For proving the correctness, the experiment of 
WSVI system is performed. The effect of stiffness 
controlling can be shown by the experiment. In addi-
tion, there are different types of payloads placed on the 
experimental device for obtaining the dynamic pro- 
perty of the vibration isolator. 
As shown in Fig.1, the isolator is connected to the 
vibrator. The payload is placed on the top of PAF. 
The vibration isolator is placed between the PAF 
and the vibrator. The response of the vibration isolator 
is tested by acceleration sensors placed on the space-
craft and the bottom. 
From Fig.7, it can be seen that the effect of vibration 
isolation is obvious. 
 
Fig.7  Test response. 
For identifying the parameters of the WSVI system, 
the experimental data are analyzed. Parametric analy-
sis[16] for the experimental results is carried out.  
The matrix of frequency response function (FRF) 
can be expressed as polynomial 
 
2 2
0
2
0
(i )(i )
(i )
(i ) (i )
N
k
k
pq k
pq N
k
k
k
aB
H
D b
ZZZ Z Z

 
 
  
¦
¦
      (33) 
where Hpq is the element of the FRF matrix. 
Testing FRF function is (i )H Z  at frequency Zk. 
The error function of the theoretical FRF and tested 
FRF is defined as k k kH HH    . Modifying the func-
tion, expression   1
kL
k
k i L
e
e'
D bU 
  can be obtained. In 
this expression, ekL is the weighted error function after 
L times of iteration, 1( )k i LD b
U
  is the denominator 
polynomial of bi which is obtained from preceding 
iteration, and U is a constant with the value between 0 
and 1. 
So, the error sum of squares can be expressed as 
follows 
* T T
0
1
2
M
k k
k
E e e C
 
  ¦ +ȥ Pȥ F ȥ      (34) 
where C is a constant, and T[ ] ȥ a b . The minimum 
value of the error sum of squares can be obtained from 
setting / 0E \w w  , and we get =Pȥ F . Solving the 
equations, the parameters a and b can be identified. 
In Fig.8, the real and imaginary parts of FRF for 
WSVI system are given.  
 
Fig.8  FRF for both experiment and computation. 
The information of vibration isolator can be ob-
tained in Fig.8. The basic longitudinal frequency of 
WSVI is 34 Hz.  
In addition, the control effect of ribs can also be de-
scribed. There are 24 ribs placed uniformly within the 
isolator. As the number of ribs is increased, the basic 
frequency of the coupled system is increased accord-
ingly. The trend of NF alteration with the ribs number 
is given in Fig.9.  
As the number of ribs increases, the stiffness is 
creased, and the NF of WSVI system can be controlled 
within a large domain. However, due to the irregular 
arrangement of ribs, the curve of the lateral NF is not 
smooth as that of the longitudinal NF as shown in 
Fig.9. According to the experimental data, the lateral 
NF feature of WSVI is complex, which is caused by 
the different ribs arrangement. 
No.2 Chen Yang et al. / Chinese Journal of Aeronautics 22(2009) 153-159 · 159 · 
 
 
Fig.9  Alteration of NF for spacecraft and WSVI-coupled 
system with ribs number. 
6. Conclusions 
In this article, a method for WSVI design is studied. 
The WSVI stiffness problem and response problems 
are discussed. On the basis of the results computed 
with reliability theory and the data obtained from ex-
periment, the control method of WSVI stiffness and 
the coupling problem are studied. The VIE problem is 
also discussed. From the reliability aspect, the NF of 
WSVI can be controlled over a large domain to avoid 
the possibility of spacecraft being resonant with the 
launch vehicle. The effect of NFC and the reliability of 
vibration isolation can satisfy different launching re-
quirements. 
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